The highly reactive species, peroxynitrite, is produced in endothelial cells in pathological states in which the production of superoxide anion and NO is increased. Here, we show that peroxynitrite added exogenously or generated endogenously in response to exposure to an NO donor or oxidized low-density lipoproteins (oxLDL) increases p21ras activity in bovine aortic endothelial cells. The activation is not dependent on upstream elements but rather is due to direct targeting of p21ras by reversible S-glutathiolation of cysteine thiols as demonstrated by biotinlabeling techniques. The time course of p21ras S-glutathiolation following peroxynitrite corresponds to the increase in its Raf-1 binding activity and translocation to the membrane. Moreover, p21ras S-glutathiolation and activation can be reversed by dithiothreitol, confirming the importance of a disulfide bond. S-glutathiolation also promoted guanine nucleotide exchange of recombinant p21ras. In addition, the oxidant-induced activation of Mek/Erk and PI 3 kinase/Akt was abrogated by dominant-negative and Cys-118 p21ras mutants, and the latter also prevented S-glutathiolation of p21ras. These results indicate that peroxynitrite arising from NO donors or pathological stimuli such as oxLDL triggers direct S-glutathiolation of p21ras Cys-118, which increases p21ras activity and mediates downstream signaling.
which resides near the guanine nucleotide binding site, has been implicated in activation of p21ras leading to downstream signaling to Raf-1/Mek/Erk to mediate cellular responses (10, 11) . Although it is generally accepted that p21ras participates in oxidative cell signaling, the relative importance by which oxidative modification of its thiols directly regulates its functional activity remains poorly understood. In part, this is due to the fact that the effects of RNS/ROS on p21ras activity have largely been directly demonstrated with recombinant protein, or in cells without simultaneous verification of the modification of molecular structure.
In a recent study, we found that the hypertensive, hypertrophic growth factor, angiotensin II, stimulated the production of H 2 O 2 from NADPH oxidase to increase Akt and p38 mitogenactivated protein kinase phosphorylation in vascular smooth muscle cells (5) . Using labeling techniques with biotin glutathione (GSH) and mass spectrometry, the increase in H 2 O 2 was shown to increase S-glutathiolation of p21ras (GSS-p21ras) on Cys-118, as well as on C-terminal cysteines. Signaling to Akt and p38 was attenuated by overexpression of glutaredoxin-1 or a Cys-118 p21ras mutant indicating that S-glutathiolation of Cys-118 is key to increasing p21ras activity. Mallis et al. (9) showed that recombinant p21ras can be S-glutathiolated on C-terminal cysteines by H 2 O 2 and GSH or by oxidized GSH disulfide (GSSG), but the effect on activity was not assessed. Because GSH is the most abundant low molecular weight thiol in cells, it is highly likely to react, particularly with reactive thiols in the presence of RNS/ROS. Despite the obvious potential importance of S-glutathiolation of p21ras, no demonstration that S-glutathiolation directly increases p21ras activity has been made.
In another example of protein regulation by S-glutathiolation, we recently showed that the sarcoplasmic reticulum Ca 2+ ATPase in arteries was S-glutathiolated physiologically by NO during arterial relaxation (12) . RNS formation by NO was implicated by inhibition of the activation by superoxide dismutase, suggesting that the intracellular formation of the reaction product of NO and superoxide anion, peroxynitrite, catalysed S-glutathiolation of the Ca 2+ ATPase (12) . Indeed, exogenous peroxynitrite, directly activated purified, reconstituted Ca
2+
ATPase only in the presence of GSH.
Because of the production by endothelial cells of both NO and superoxide anion, peroxynitrite has been implicated as both a physiological and pathological mediator of endothelial function. Peroxynitrite has been implicated in mediating the physiological increase in nitric oxide production caused by shear stress (13) . Nitric oxide synthase, when uncoupled, may itself generate superoxide anion and NO to produce peroxynitrite in concentrations sufficient to nitrate protein tyrosines (14) . In addition, mitochondrial superoxide anion was shown to produce peroxynitrite in endothelial cells and mediate the S-nitrosation of proteins (15) . Furthermore, other important pathophysiological stimuli such as oxidized low-density lipoproteins (16, 17) or elevated glucose (18) also increase endogenous peroxynitrite production in endothelial cells. These observations make it critical to further understand the role of peroxynitrite in regulating protein function.
In the present study, we directly assessed the influence of peroxynitrite on p21ras in endothelial cells. We found that peroxynitrite, added exogenously or arising endogenously in response to oxidized LDL, rapidly and reversibly increases GSS-p21ras associated with increased Raf-1 binding activity, membrane translocation, and downstream signaling to increase Erk 1/2 and Akt phosphorylation. Both the S-glutathiolation and the downstream signaling is prevented by overexpression of a Cys-118 p21ras mutant, implicating this reactive cysteine as the site of S-glutathiolation that is essential for activation of p21ras by this mechanism. S-glutathiolation by peroxynitrite and GSH or by GSSG alone increased the rate of p21ras GTP/GDP exchange of recombinant p21ras, demonstrating that S-glutathiolation directly increases p21ras activity. These studies show that direct oxidant-mediated S-glutathiolation of p21ras increases its activity, and that peroxynitrite formed endogenously can do so sufficiently to mediate signaling in endothelial cells in response to NO donors and oxidant stimuli such as oxidized LDL.
MATERIALS AND METHODS

Drugs and antibodies
Sulfo-NHS biotin and biotin HPDP were obtained from Pierce (Rockford, IL). PD-10 desalting columns and streptavidin-Sepharose were obtained from Amersham Biosciences (Piscataway, NJ). captavidin agarose beads, biotinylated iodoacetamide and Mant-GDP were purchased from Molecular Probes (Eugene, OR). p21ras clone 10 monoclonal antibody and Raf-1 agarose beads used for the p21ras-Raf pull-down assay were obtained from Upstate Biochemical Co, (Waltham, MA). AG1478, genistein, pertussis toxin, PP2, MnTBAP, and peroxynitrite were obtained from Calbiochem (San Diego, CA). DTT, ascorbate, DEANO, Triton X100, L-NAME, apocynin, reduced glutathione, oxidized glutathione and glutathione ethyl ester were obtained from Sigma Chemical Co. (St Louis, MO). Anti-Erk, anti-Akt, and anti-mouse and anti-rabbit secondary antibodies were obtained from Cell Signaling (Beverly, MA). Bradford protein assay, Bio-spin 6 columns, polyvinylidene difluoride membrane, and other reagents for immunoblotting were obtained from Bio-Rad (Hercules, CA). The recombinant p21ras was obtained from BioMol (Plymouth Meeting, PA).
Cell culture
Bovine aortic endothelial cells (BAEC) and cell culture media were obtained from Cambrex Bioproducts (Walkersville, MD). Cells were grown in endothelial growth medium until reaching confluence and made quiescent in basal medium for 24 h before treatment with peroxynitrite. HEPES (50 mM) or potassium phosphate buffer (50 mM) were added to the medium before peroxynitrite to avoid fluctuation of pH. Peroxynitrite concentration was measured before each experiment spectrophotometrically at 302 nm, and the concentration adjusted with NaOH (0.1 M). Cells were treated by bolus addition of peroxynitrite during slow mixing for 5 s before being replaced in the incubator. For each experiment, the control sample was treated under the same conditions with a peroxynitrite solution that was decomposed overnight in phosphate buffer (pH 7.4). Exposure to oxidized LDL was done in serum-free medium.
Oxidized LDL preparation
LDL were prepared from human blood by ultracentrifugation in a gradient of KBr. The plasma was first centrifuged 18 h at 15°C, 40,000 rpm (50.2 Ti rotor, Beckman) in a background density of 1.025. The supernatant containing the VLDL was removed, and the heavier fraction was adjusted to a density of 1.063 for another overnight spin. The LDL were collected from the top of the tube and stored at 4°C. LDL were oxidized before an experiment by dialyzing two times for 1 h at 4°C in Tris-HCL (10 mM) and then incubated overnight with copper sulfate (25 µM). The copper was then removed by dialysis and the solution filtered before use.
NO donor
Cells were treated with DEANO (2-(N,N-diethylamino)-diazenolate-2-oxide, 1 mM) for the indicated times. A 20 mM stock solution in NaOH 0.1 M was made before each experiment.
Adenoviral vector preparation
MnSOD, p21rasC118S and dominant-negative p21ras mutant adenoviruses were prepared as described previously (5, 19, 20) . p21ras activity p21ras activity was determined by binding to a peptide expressing the human p21ras binding domain of Raf-1, the major target of p21ras leading to MAPK activation (Upstate Biochemical). Cells placed on ice were scraped into a nonreducing lysis buffer containing 25 mM Tris HCl, 150 mM NaCl and 5 mM MgCl 2 . Cell protein (100 µg) was diluted with 200 µl of lysis buffer and 5 µl of p21ras-Raf RBD beads were added and incubated for 1 h at 4°C with gentle rocking. Beads were washed three times with the lysis buffer, and bound p21ras protein was released by heating at 95°C for 5 min in lysis buffer containing β-mercaptoethanol (5%). Samples were separated on a 12% SDS-PAGE and p21ras was detected by immunoblotting for p21ras.
Biotinylated GSH Ester and detection of S-glutathiolated p21ras
The methods used were similar to those described previously (21) . Biotinylated GSH ester was prepared by mixing equal volumes of 25 mM sulfo-NHS-biotin with 25 mM GSH ethyl ester in 50 mM NaHCO 3 at pH 8.5 for 2 h followed by the addition of 125 mM NH 4 HCO 3 at pH 8.5 for 1 h. BAEC was preincubated with biotinylated GSH (250 μM) ester for 1 h, which introduces a 2.5-fold increase in total intracellular GSH concentration (Suppl. Fig. A) . The increase was almost entirely due to the biotinylated tripeptide because it could be removed by streptavidin (Suppl. Fig. A) . The cells were washed with PBS and lysed in a nonreducing buffer (Tris HCl 25 mM pH 7.4, NaCl 150 mM, MgCl 2 5 mM, and 1% NP-40) containing 10 mM N-ethylmaleimide to block further thiol reactions. The lysate was passed through a PD-10 Sephadex-G25 column to remove the excess biotinylated glutathione and 500 µg of total protein was incubated for 1 h at 4°C with streptavidin-Sepharose beads. The beads were rinsed 3 times with a washing buffer (Tris HCl 25 mM, NaCl 500 mM, MgCl 2 5 mM and 0.1% SDS), and the glutathiolated proteins were released from the beads by incubating with 40 µl of elution buffer (lysis buffer with 10 mM DTT) for 15 min with gentle shaking. Each sample was diluted in Laemmli buffer containing 5% β-mercaptoethanol, separated by SDS-PAGE, and p21ras was detected by immunoblotting for p21ras. The stability of the p21ras-biotinylated GSH-SA beads adduct was tested by exposing the beads to free GSH up to 10 mM (1 h at 4°C) and measuring the recovery of p21ras by Western blot analysis. No significant decrease of p21ras was noticed, indicating the stability of the mixed disulfide in the presence of intracellular concentrations of reduced glutathione. The glutathiolation of human recombinant H-p21ras was studied using biotinylated GSH and GSSG. p21ras (2 μg in 20 µl, ca. 10 μM) was first exposed to peroxynitrite (10 µM), followed by a rapid addition, within 5 s, of biotinylated GSH ester (100 µM). Biotinylated GSSG ester was synthesized by incubating biotinylated GSH ester with H 2 O 2 (100 mM, 30 min), and the excess H 2 O 2 was eliminated with catalase (1 µg/ml). After incubating the recombinant p21ras for 5 min at 37°C, the protein was run on a nonreducing SDS PAGE gel, and GSS-p21ras was detected at 21 kDa by blotting the biotin with a streptavidin-HRP-linked antibody.
Membrane fractionation
Cells were harvested in a sucrose buffer (Tris HCl 10 mM and sucrose 0.3 M) and sonicated on ice 4 times for 10 s. The lysate was centrifuged 15 min at 15,000 g at 4°C, and the supernatant was subjected to ultracentrifugation for 1 h at 100,000 g at 4°C. The supernatant constituted the cytosolic fraction, and the pellets were dissolved in a detergent buffer (Tris HCl 25 mM pH 7.4, NaCl 150 mM, MgCl 2 5 mM and 1% NP-40) and constituted the membrane fraction. p21ras was immunoblotted in the proteins of each fraction separated by SDS-PAGE.
Recombinant p21ras guanine nucleotide exchange rate
The assay was adapted from described previously protocols (22, 23) . Recombinant H-p21ras (2 μg) was loaded with a fluorescent GDP (Mant-GDP), which is only detectable when bound to a protein. p21ras was incubated 1 h at 37°C in an excess of Mant-GDP in a binding buffer (potassium phosphate buffer 50 mM, NaCl 50 mM, MgCl 2 5 mM and EDTA 5 mM) and the protein-Mant-GDP complex was purified on a PL-6 spin column. The p21ras-Mant-GDP complex was then diluted to 1 µM in 100 µL of binding buffer containing GTP (200 µM) and treated with peroxynitrite (10 µM) where indicated. When needed, GSH (100 µM) was added either immediately before or within 5 s of peroxynitrite as indicated. The p21ras-Mant-GDP complex was also exposed to oxidized glutathione (GSSG, 100 µM). The decrease in fluorescence was quantified over time with a fluorimeter with an excitation wavelength of 355 nm and an emission wavelength of 460 nm. The results were normalized by the fluorescence before addition of peroxynitrite or GSSG.
Free cysteine labeling
After treatment with peroxynitrite, cell lysate protein (100 µg) was treated with biotinylated iodoacetamide (BIAM; 200 µM) for 30 min. The lysate was then incubated with captavidin beads during 1 h at 4°C. The beads were washed 3 times in a washing buffer and 40 µl of elution buffer (NaHCO 3 50 mM, pH 10) was added to release the biotinylated proteins. To study reversibly oxidized cysteines, 500 µg of cell lysate were first exposed to N-ethylmaleimide (40 mM) to block any free thiols. Then thiols that were reversibly oxidized by peroxynitrite were reduced by DTT (1 mM) and reduced thiols labeled with biotin-HPDP (N-[6-(biotinamido)hexyl]-3′-(2'-pyridyldithio) propionamide, 100 µM). For each step, purification with Bio-spin 6 columns was performed to eliminate the low molecular weight components. The biotin-HPDP-labeled proteins were then purified on streptavidin beads, eluted with 20 mM DTT to cleave the disulfide linker freeing biotin-HPDP labeled proteins, separated by SDS PAGE, and blotted for p21ras described above.
Immunoblot analysis
Protein concentration was measured by the Bradford assay (24) and 20 µg of total protein was diluted in Laemmli Buffer containing 5% β-mercaptoethanol, denatured 5 min at 95°C, separated by SDS-PAGE (12% gels), and transferred onto PVDF membranes. Membranes were saturated in PBS with 0.05% Tween 20 and 3% nonfat milk, incubated with p21ras monoclonal antibody at a dilution of 1:1000 in the same buffer for 2 h, rinsed; antibody binding to p21ras was visualized with secondary antibody and ECL reagent (Amersham Bioscience) on X-ray film.
Data analysis
All the experiments were performed at least 3 times, except where indicated in the figure legends. Immunoblots were quantified using a Bio-Rad Molecular Imager. Raw fluorescence values were analyzed for the p21ras guanine nucleotide exchange assay. Statistical comparisons were made with a Student's t test. P<0.05 was considered to be statistically significant and indicated in the figures with asterisks. N values for the data analyzed by statistics are given in the figure legends.
RESULTS
Peroxynitrite induces the phosphorylation of the downstream signaling targets Erk and Akt via p21ras
Bolus addition of peroxynitrite (100 µM) to BAEC increased phosphorylation of Erk (11±1.8-fold) and Akt (20±1.1-fold, Fig. 1A ) that was noted as early as 1 min and peaked at 15 min. Phosphorylation of both Erk and Akt following peroxynitrite were prevented by adenoviralmediated transfection of the cells with an N17 dominant-negative form of p21ras (p21ras DN, Fig. 1B ) indicating that their phosphorylation depended upon p21ras activation. In addition, Erk phosphorylation was inhibited by U0126 (20 µM, 1 h), indicating that it is promoted via Mek, and Akt phosphorylation was inhibited by Wortmannin (100 nM, 1 h) or LY294002 (50 µM, 1 h), indicating that its phosphorylation is via PI3 kinase (Fig. 1C) . To determine the mechanism by which peroxynitrite initiated p21ras activation, we first determined whether membrane receptors and/or associated proteins were involved, because some are known to be oxidantsensitive. Treating the cells with genistein, a tyrosine kinase inhibitor, AG1478, an EGF receptor inhibitor, or PP2, a Src inhibitor (not shown), failed to block phosphorylation of Erk and Akt induced by peroxynitrite (Suppl . Fig. B ). In addition, the small G proteins Gαi and Gαo may be targeted by reactive oxygen species to activate Erk in cardiomyocytes (25) , but pertussis toxin did not affect phosphorylation of Erk and Akt induced by peroxynitrite (Suppl . Fig. B ). To investigate whether the effect of peroxynitrite on Erk and Akt involved the induction of other major sources of oxidant production, L-NAME, a nitric oxide synthase inhibitor, or apocynin, an NADPH oxidase inhibitor were used. Neither inhibitor was able to prevent the phosphorylation of either Erk or Akt, excluding a role for eNOS or NADPH oxidase, further implicating a direct targeting of p21ras by peroxynitrite (Suppl. Fig. C) .
Peroxynitrite directly activates p21ras and causes its membrane translocation
Because the above studies suggested a direct effect of peroxynitrite on p21ras in BAEC, p21ras activity was measured. Peroxynitrite (100 µM) increased p21ras activity as evaluated with a Raf-1 pull-down assay ( Fig. 2A) . Activity peaked at 5 min (2.48±0.4 fold, P<0.01, n=5) and returned to a level significantly below baseline at 30 min. Because p21ras exerts its effects when localized to the membrane, p21ras translocation to a membrane fraction was determined. Following exposure to peroxynitrite (100 µM) p21ras transiently translocated to the membrane of BAEC with a time course similar to the increase in activity evaluated by the Raf-1 pull-down assay (Fig.  2B ).
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Peroxynitrite directly and reversibly oxidizes p21ras cysteines and increases p21ras activity in a redox-dependent mechanism Several cysteines on p21ras have previously been described as redox-sensitive. To determine whether peroxynitrite oxidizes p21ras cysteines in BAEC, cells were scraped into a buffer containing an excess of BIAM, which binds to reduced reactive thiols at pH 6.5 (5, 26) . The protein-BIAM complexes were then precipitated on captavidin beads, eluted, and separated by SDS-PAGE. The amount of p21ras, detected by immunoblotting the proteins in the captavidin pull-down, was decreased 5 min after addition of peroxynitrite (100-1000 μM), indicating that p21ras reactive cysteines are significantly oxidized by the treatment (Fig. 3A) . Moreover, using thiol labeling by HPDP (Suppl. Fig D) , a fraction of this p21ras oxidation was shown to be reversible following the addition of DTT.
To investigate the role of reversible oxidation of p21ras in its activation, BAEC were scraped into a buffer containing DTT (1 mM). DTT prevented the increase in p21ras activity detected by the Raf-1 pull-down assay (Fig. 3B) . Interestingly, DTT added to the cell lysate did not affect basal p21ras activity, attesting to the redox-dependent nature of the activation of p21ras by peroxynitrite. However, if the cells were scraped into a buffer containing ascorbate (1 mM), the redox-dependent activation of p21ras was unaffected (Fig. 3B) . These results suggest that the activation of p21ras requires a cysteinyl disulfide bond rather than being dependent on a stable S-nitrosothiol.
Confirming what appeared to be a direct oxidant-mediated effect on p21ras, treatment with peroxynitrite of a BAEC lysate in Tris buffer increased p21ras activity similarly to intact cells (Suppl. Fig. E ). This conclusion is also consistent with the inability of inhibitors of cell receptors, eNOS, or NADPH oxidase to block the peroxynitrite-induced activation of p21ras in intact BAEC (Suppl. Fig. C) . If low-molecular-weight components of the cell lysate, including GTP, GDP, and GSH were cleared from the lysate with a desalting column, peroxynitrite was no longer able to activate p21ras (Suppl. Fig. E) . In fact, the Raf-1 binding activity decreased, suggesting that other oxidant-induced modifications caused by peroxynitrite might inhibit p21ras activity.
Peroxynitrite promotes S-glutathiolation of p21ras, which increases its activity p21ras can be S-glutathiolated by GSSG in vitro (9) , and S-glutathiolation mediates the activation of smooth muscle p21ras by hydrogen peroxide produced by NADPH oxidase stimulated by angiotensin II (5). To detect S-glutathiolation of p21ras, BAEC were loaded with biotin-labeled GSH ethyl ester, treated with peroxynitrite (100 µM), and S-glutathiolation (GSS-) of p21ras was detected by immunoblotting for p21ras amongst the biotin-labeled proteins precipitated with streptavidin. GSS-p21ras was present 5 min after the addition of peroxynitrite (1.7 fold±0.3), and peaked at 10 min (3.2 fold±0.7, P<0.05, n=3), similar to the time course of p21ras activity (Fig. 4A) . Also, biotinylated GSS-p21ras was not detected in the membrane fraction under control conditions, but increased dramatically 10-15 min after peroxynitrite (Fig.  4B) . S-glutathiolated p21ras was present in the cytosol at baseline, and a much smaller increase occurred after peroxynitrite compared with that which occurred in the membrane. Because protein from the same amount of cells was blotted, it is apparent that most of the newly Sglutathiolated p21ras translocated to the membrane.
To confirm that GSS-p21ras is active p21ras, BAEC were loaded with biotin-labeled GSH ethyl ester, treated with peroxynitrite (100 µM), and the cell lysate split in half. Half of the sample was incubated for 1 h with streptavidin beads at 4°C to clear any GSS-p21ras formed before Raf-1 pull-down. Whereas in the half of the sample handled as before, p21ras activity was increased by peroxynitrite, no activation of p21ras was detected in samples in which biotinylated GSS-p21ras had been cleared from the cell lysate (Fig. 4C) . Indeed, consistent with the data shown in Supplemental Figure E , residual activity of p21ras in the cell lysate that was cleared of biotinylated proteins showed a significant decrease in activity following peroxynitrite (0.2±0.1-fold vs. 0. 8±0.1-fold, P<0.05, n=3) , again potentially related to other oxidative reactions with peroxynitrite. Thus, in BAEC GSS-p21ras formed by peroxynitrite enters the active membrane fraction. In addition, lysate collected from cells loaded with biotin-labeled GSH ethyl ester and treated with peroxynitrite were incubated with DTT or ascorbate before pull-down of the glutathiolated proteins. As expected, DTT reversed the S-glutathiolation of p21ras, but ascorbate had no effect (Suppl. Fig. F) . This confirms the ability of DTT, but not ascorbate to release GSH from p21ras and is consistent with the effect of DTT to block p21ras activation by reducing the mixed disulfide bond (Fig. 3B ).
S-Glutathiolation of p21ras promotes guanine nucleotide exchange
To confirm the ability of S-glutathiolation to activate p21ras, the nucleotide exchange rate of recombinant p21ras protein was measured by the release of fluorescent-labeled GDP. Sglutathiolation of recombinant p21ras was increased by GSH ester (100 μM) after adding peroxynitrite (100 μM) or by oxidized glutathione (GSSG, 100 µM) (Fig. 5A) . The same concentration of GSSG (100 μM) increased the rate of p21ras GTP/GDP exchange (Fig. 5B ). Addition of peroxynitrite (100 μM) also activated p21ras, but only if GSH were already present (data not shown) or added 5 s after peroxynitrite to enable reaction of GSH with oxidized p21ras cysteines (Fig. 5B ). Peroxynitrite added alone had no significant effect on p21ras GDP exchange (Fig. 5B) .
Peroxynitrite promotes S-glutathiolation of p21ras and its activation via cysteine-118
Cysteine-118, which is located in the nucleotide binding domain, is known to be a particularly accessible, redox-sensitive cysteine that is crucial for redox activation of p21ras. A p21ras mutant of this cysteine 118 has been shown to have the same basal activity (10), as well as the same basal nucleotide exchange rate in vitro (6) . Transfection of BAEC with an adenoviral vector to express a C118S mutant of p21ras efficiently inhibited peroxynitrite-induced signaling to Erk (3.8±1.2 vs. 13±2.2-fold, P<0.05, n=3) and Akt (2.9±0.7 vs. 15±1.9-fold, P<0.05, n=3, Fig. 6A ), indicating the central role for this cysteine in p21ras activation and downstream signaling induced by peroxynitrite. In cells loaded with biotinylated GSH ethyl ester, the GSSp21ras formed in the membrane fraction of cells transfected with the C118S mutant and treated with peroxynitrite was significantly decreased (1.1±0.2) compared with cells transfected with an adenoviral vector expressing β-galactosidase (4.0±0.9, P<0.05, n=3, Fig. 6B ). Also, in order to assess the amount of p21ras that is S-glutathiolated in cells treated with peroxynitrite (100 µM), the total amount of nonglutathiolated p21ras remaining in the supernatant after pull-down of the S-glutathiolated proteins was estimated. The GSS-p21ras formed by peroxynitrite represented 40 ± 13% of the total p21ras in control cells, whereas it was only 16 ± 9% in cells transfected with the p21ras C118S mutant (Fig. 6C) . These results indicate that although other p21ras cysteines may be involved, the principle site of p21ras S-glutathiolation in BAEC is cysteine-118, and that
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glutathiolation of this cysteine is primarily responsible for p21ras-mediated downstream signaling induced by peroxynitrite.
Oxidized LDL and an NO donor promote peroxynitrite generation which S-glutathiolates and activates p21ras
To determine the relevance of physiologic generation of peroxynitrite in BAEC, we exposed cells to oxidized LDL (oxLDL). We observed a strong increase in Erk and Akt phosphorylation similar to that obtained with peroxynitrite (Fig. 7A) . Indeed, the effect of oxLDL was attenuated by pretreating the cells with L-NAME, a nitric oxide (NO) synthase inhibitor, or MnTBAP, a superoxide anion and peroxynitrite scavenger (Fig. 7B) . As it is already known that NO and superoxide anion react together to make ONOO -, this suggests that the effect of oxLDL is promoted through peroxynitrite generation. We also found that oxLDL phosphorylates Erk and Akt via oxidant-dependent p21ras activation. Indeed, oxLDL in 15 min triggered membrane translocation of S-glutathiolated p21ras (Fig. 7C ) and adenoviral transfection of the p21ras C118S mutant blocked the phosphorylation by oxLDL of Erk and Akt (Fig. 7A) . To further ascertain the nature of the oxidant involved in this mechanism, we tested the ability of a nitric oxide donor (DEANO) to mimic the activation of p21ras by peroxynitrite. In cells loaded with biotin-labeled GSH ethyl ester, DEANO (1 mM, 15 min) caused a marked increase in Sglutathiolation of p21ras that was prevented by MnTBAP (Fig. 7D) . Moreover, DEANO triggered Erk and Akt phosphorylation, and this could be blocked by adenoviral overexpression of MnSOD (Fig. 7E) . Because MnSOD transforms superoxide anion to H 2 O 2 , this result indicates that in endothelial cells, the oxidant-activation of p21ras is mediated primarily via generation of peroxynitrite rather than any potential secondary production of H 2 O 2 .
DISCUSSION
Here, we show that after transient exposure of endothelial cells to peroxynitrite, formation of GSS-p21ras is associated with increased p21ras activity (Fig. 8) . Not only is the time course of thiol modification coincident with the increase in Raf-1 binding activity, but GSS-p21ras enters the active membrane fraction. Expression of a p21ras C118S mutant prevents formation of GSSp21ras, as well as downstream signaling to Erk and Akt, suggesting an essential role for this post-translational modification of p21ras in its activation by oxidants. The direct activation of recombinant p21ras by peroxynitrite and GSH or by GSSG confirms that formation of GSSp21ras increases its activity. Furthermore, endogenous generation of peroxynitrite stimulated either by oxidized LDL, or formed from an NO donor and endogenous superoxide anion leads to S-glutathiolation and activation of p21ras. Peroxynitrite is far more reactive with thiols than NO or H 2 O 2 (27, 28) whose effects on p21ras activity have been previously studied extensively (6, 9, 10, 29, 30 •− ) and
• NO 2 . All these radicals can react with low molecular weight or protein thiols to yield thiyl radicals (reaction 1; X=HO, NO 2 , CO 3 − ). These thiyl radicals provide a convenient entry into symmetric and mixed disulfides via complex formation with excess thiolate, followed by electron transfer to molecular oxygen (reactions 2 and 3) (34) In addition, two electron oxidation by peroxynitrite, formed from NO • and O 2 -• (Eq. 4), will form mixed disulfides largely following intermediate formation of sulfenic acids, which subsequently react with excess GSH (reactions 5 and 6). In the experiments with recombinant p21ras, these reactions probably explain the ability of GSH to S-glutathiolate recombinant p21ras exposed shortly before to peroxynitrite (Fig. 5B) .
On the basis of the large excess of GSH over p21ras in cells, it is likely that peroxynitrite and the peroxynitrite-derived radicals react predominantly with GSH. The resulting glutathione thiyl radicals (GS • ) or glutathione sulfenic acid (GSOH) will either react with excess glutathione to yield the symmetric disulfide GSSG, or with protein thiols to yield mixed disulfides. In addition, GSSG has the potential to S-glutathiolate p21ras (reaction 7).
[p21ras]-SH + GSSG = GSS-[p21ras] + GSH (7) The relatively slow time course of S-glutathiolation of p21ras and activation by peroxynitrite suggests a greater contribution of reactions 6 and/or 7 over those in reactions (1-3) for the following reasons. If reactions (1-3) would directly yield S-glutathiolated p21ras, the ratedetermining step would be the radical formation from peroxynitrite, and p21ras S-glutathiolation and activation would be completed within seconds after addition of peroxynitrite (34) . However, this is not observed. Instead, p21ras activation reaches a maximum at ~5 min after the addition of peroxynitrite, consistent with one or more slow processes following the peroxynitrite reaction important for S-glutathiolation. These slow processes are likely reactions 6 and/or 7. These slower reactions would also allow for peroxynitrite formed during the response to oxLDL or DEANO to S-glutathiolate p21ras. Two additional comments are necessary. First, if peroxynitrite truly S-glutathiolates p21ras via a radical mechanism (reactions 1-3), a byproduct would be hydrogen peroxide, which, itself, could be responsible for part of the slow conversion of p21ras via intermediary GSSG formation. Second, peroxynitrite induces peroxide formation, especially in amine-containing buffers (35) . For this reason, the peroxynitrite-dependent p21ras Sglutathiolation was studied in both phosphate and HEPES buffers to exclude any effect of the buffer, potentially compromising our observations. Because MnSOD inhibited DEANO-induced Erk and Akt activation, it doesn't appear that secondary generation of H 2 O 2 , whose levels would be expected to increase under these conditions, is involved in p21ras-dependent signaling mediated by peroxynitrite in BAEC.
Recently, Campbell and coworkers have postulated a role for a p21ras Cys-118 thiyl radical in guanine nucleotide exchange (36) . However, these studies were not performed with peroxynitrite and cells, but with recombinant protein incubated in vitro with specific ratios of NO and O 2 . Hence, a radical mechanism for p21ras activation may well exist in vitro, but additional pathways likely operate in vivo in the presence of GSH that would be predicted to react with the majority of p21ras thiyl radicals (reaction 2).
One potential disadvantage of adding peroxynitrite to cells is that in concert with Sglutathiolation and activation of p21ras, it is clear that other oxidative reactions with p21ras and other proteins are likely to occur. By using biotin-labeled GSH, we were able to separate GSSp21ras from that which was not glutathiolated following peroxynitrite, and demonstrate that the activity of the nonglutathiolated pool decreased following peroxynitrite. This pool of p21ras could be more highly oxidized by peroxynitrite. Recently, it was suggested that superoxide anion activates recombinant p21ras by a mechanism involving the formation of oxidized GDP (36) . The mechanism was also attributed to the formation of a thiyl radical on Cys-118 that reacts with and oxidizes bound GDP, which then dissociates from p21ras and increases binding affinity for GTP. Although our data do not allow us to comment on whether oxidation of GDP occurs during p21ras activation in BAEC exposed to peroxynitrite, the requirement for GSH in the activation of recombinant p21ras by peroxynitrite, as well as that caused by GSSG, which was accompanied by increased GTPase activity, is compatible with a proposed mechanism of p21ras activation that requires S-glutathiolation in vivo.
Our results with biotinylated GSH, IAM, and HPDP labeling are also consistent with p21ras being a direct target of oxidants or GSH formed by oxidants that cause reversible thiol modification. Initiation of signaling by these effects of oxidants and GSH on p21ras was suggested by increases in Erk and Akt phosphorylation that were largely prevented by a dominant-negative mutant p21ras. This was also borne out by experiments that excluded a role of tyrosine kinase receptors and G-proteins that could potentially be targeted by oxidants to mediate signaling involving p21ras (25) . The downstream effects of p21ras on Erk were mediated via Mek 1/2 as demonstrated by the inhibitor, U0126, and those on Akt, by PI 3 kinase, as demonstrated with LY294002 or Wortmannin.
The most direct evidence that thiol modification of p21ras initiated downstream signaling came from studies demonstrating that a C118S p21ras mutant attenuated downstream signaling to Erk and Akt. Previously, this p21ras mutant was demonstrated to have nearly normal basal activity, but to abrogate signaling initiated by what was thought to represent S-nitrosation of p21ras by NO donors (10) . Although it is possible that NO, peroxynitrite, or its products can S-nitrosate p21ras, it is unlikely that this thiol modification accounts for the increase in p21ras activity caused by peroxynitrite or NO in BAEC. The fact that MnSOD prevented S-glutathiolation and signaling via p21ras induced by the NO donor, suggests rather that S-glutathiolation, following the intracellular formation of peroxynitrite, explains the redox regulation. S-glutathiolation is also supported by the fact that ascorbate, which should have reduced any S-nitrosated cysteines that may have formed, failed to reverse the S-glutathiolation or the increase in p21ras activity caused by peroxynitrite. Expression of the C118S mutant not only prevented the downstream signaling, but also dramatically decreased the binding of biotinylated glutathione to p21ras. This strongly suggests that Cys-118 is not only the major site of S-glutathiolation of p21ras caused by peroxynitrite, but also that S-glutathiolation of this site is associated with increased activity and membrane translocation that leads to downstream signaling. Furthermore, the S-glutathiolation of p21ras by peroxynitrite was stoichiometrically large, accounting for ~40% of the total, and this occurred largely at Cys-118 in intact BAEC.
Page 11 of 25 (page number not for citation purposes)
The present studies with oxidized LDL and DEANO provide support for a growing body of evidence that peroxynitrite may subserve a signaling mechanism when it is formed in cells from NO and superoxide anion. That evidence points to a role for peroxynitrite mediating signaling in endothelial cells in response to shear stress (13) , NO donors (15) , and oxidized LDL (37), and in smooth muscle cells where it stimulates calcium uptake (20) . Unlike direct addition of oxidants to cells, other stimuli such as oxidized LDL in endothelial cells or angiotensin II in smooth muscle cells (5) may result in both direct oxidant-mediated and "classical" activation of p21ras via guanine nucleotide exchange factors. Indeed, although they significantly inhibited the phosphorylation of Erk by oxidized LDL, L-NAME and MnTBAP did not completely block it. It is possible that guanine nucleotide exchange factors participate in oxidized LDL-induced activation of p21ras. Thus, it will be important in future studies to integrate oxidant-mediated signaling with that served by other mechanisms of signaling.
In conclusion, our studies implicate direct effects of exogenous or endogenously formed peroxynitrite in BAEC, which causes S-glutathiolation of Cys-118 and increases p21ras activity, Raf-1 binding, and signaling via Mek/Erk and PI 3 kinase/Akt (Fig. 8) . Precisely how Sglutathiolation of p21ras increases activity is unknown, but the data presented here clearly indicate that GSS-p21ras is activated p21ras. It is logical to suggest that steric effects or those of the negative charge on the glutamate residue of the tripeptide may be responsible. Because Cys-118 borders the guanine nucleotide binding domain, it is not unlikely that S-glutathiolation could affect the interaction with GTP, increasing p21ras activity. Finally, S-glutathiolation of cell proteins would logically be affected by the concentration of GSH, which is known to be affected by pathological conditions, such as during exposure to oxLDL when, despite an increase in total GSH, the fraction of reduced to oxidized GSH may fall (38) . It is notable that most of the past reported determinations of GSH/GSSG ratio under pathological conditions have been performed on supernatant obtained after acid precipitation of cell proteins and therefore may not have included a large pool of protein-bound GSH. in BAEC caused by peroxynitrite (100 µM). Activity was assayed by Raf-1 pull-down in a nonreducing lysis buffer (n=5, *P<0.05, **P<0.01, greater than time 0; #P<0.05, less than time 0). B). BAEC treated under the same conditions were harvested in sucrose buffer, and the membrane fraction was separated from the cytosol by ultracentrifugation. p21ras was immunoblotted in both fractions. treated with peroxynitrite (100 µM or 1 mM, 5 min) were scraped into buffer containing excess biotinylated iodoacetamide (BIAM) at pH 6.5. Protein-BIAM complexes were purified with Captavidin (CA) beads, separated by SDS-PAGE, and blotted for p21ras. B) Cells treated with peroxynitrite (100 µM, 5 min) were scraped into a nonreducing buffer or reducing buffers containing DTT (1 mM) or ascorbic acid (1 mM). p21ras activity was assayed by Raf-1 pull-down (n=4, **P<0.01 vs. control, ##P<0.01, DTT significantly decreased Raf-1 pull-down). 4 . Peroxynitrite increases S-glutathiolation of p21ras, which increases its activity. A) BAEC were loaded with a biotinylated glutathione ester (BGSH) and treated with peroxynitrite (100 µM, 5 min). Glutathiolated proteins were precipitated with streptavidin beads in a nonreducing buffer, separated by SDS-PAGE, and blotted for p21ras (n=3, *P<0.05, **P<0.01 vs. control). B) Cells treated under the same conditions were scraped into Tris-sucrose buffer, and the membrane fraction was separated from the cytosol by ultracentrifugation. Subsequently, S-glutathiolated proteins were purified in both fractions with streptavidin beads, cleaved by DTT, separated by SDS-PAGE, and immunoblotted for p21ras. C) Cells were loaded with BGSH and treated with peroxynitrite, and total p21ras activity was assayed by raf-1 pull-down (left). S-glutathiolated proteins were cleared from the cell lysate on streptavidin beads before the activity of non-glutathiolated p21ras was assayed (right, n=3, **P<0.01 vs. control, ##P<0.01, ###P<0.001 vs. total p21ras). with an adenoviral vector to express a p21ras, C118S mutant, or Lac Z and treated 48 h later with peroxynitrite (100 µM). Proteins were separated by SDS-PAGE and immunoblotted for phosphorylated Erk and Akt (n=3, *P<0.05, **P<0.01 vs. control, #P<0.05 vs. Lac Z). B) BAEC transfected with the p21ras C118S mutant were loaded with BGSH and treated with peroxynitrite (100 µM). Cells were scraped into Tris-sucrose buffer and the membrane fraction separated by ultracentrifugation. S-glutathiolated proteins in the membrane fraction were purified on streptavidin beads, separated by SDS-PAGE, and immunoblotted for p21ras (n=3, *P<0.05 vs. control, #P<0.05 vs. Lac Z). C) Cells were loaded with BGSH, treated with peroxynitrite (100 µM), and the glutathiolated proteins pulled-down with streptavidin beads. The supernatant, containing the nonglutathiolated proteins was run on SDS-PAGE and blotted for p21ras to determine the remaining nonglutathiolated p21ras (n=4, *P<0.05 vs. control). 
